Elemental sulfur (S 0 ) is associated with many geochemically diverse hot springs, yet little is known about the phylogeny, physiology, and ecology of the organisms involved in its cycling. Here we report the isolation, characterization, and ecology of two novel, S 0 -reducing Crenarchaea from an acid geothermal spring referred to as Dragon Spring. Isolate 18U65 grows optimally at 70 to 72°C and at pH 2.5 to 3.0, while isolate 18D70 grows optimally at 81°C and pH 3.0. Both isolates are chemoorganotrophs, dependent on complex peptidecontaining carbon sources, S 0 , and anaerobic conditions for respiration-dependent growth. Glycerol dialkyl glycerol tetraethers (GDGTs) containing four to six cyclopentyl rings were present in the lipid fraction of isolates 18U65 and 18D70. Physiological characterization suggests that the isolates are adapted to the physicochemical conditions of Dragon Spring and can utilize the natural organic matter in the spring as a carbon and energy source. Quantitative PCR analysis of 16S rRNA genes associated with the S 0 flocs recovered from several acid geothermal springs using isolate-specific primers indicates that these two populations together represent 17 to 37% of the floc-associated DNA. The physiological characteristics of isolates 18U65 and 18D70 are consistent with their potential widespread distribution and putative role in the cycling of sulfur in acid geothermal springs throughout the Yellowstone National Park geothermal complex. Based on phenotypic and genetic characterization, the designations Caldisphaera draconis sp. nov. and Acidilobus sulfurireducens sp. nov. are proposed for isolates 18U65 and 18D70, respectively.
Elemental sulfur (S 0 ) is associated with many geochemically diverse hot springs, yet little is known about the phylogeny, physiology, and ecology of the organisms involved in its cycling. Here we report the isolation, characterization, and ecology of two novel, S 0 -reducing Crenarchaea from an acid geothermal spring referred to as Dragon Spring. Isolate 18U65 grows optimally at 70 to 72°C and at pH 2.5 to 3.0, while isolate 18D70 grows optimally at 81°C and pH 3.0. Both isolates are chemoorganotrophs, dependent on complex peptidecontaining carbon sources, S 0 , and anaerobic conditions for respiration-dependent growth. Glycerol dialkyl glycerol tetraethers (GDGTs) containing four to six cyclopentyl rings were present in the lipid fraction of isolates 18U65 and 18D70. Physiological characterization suggests that the isolates are adapted to the physicochemical conditions of Dragon Spring and can utilize the natural organic matter in the spring as a carbon and energy source. Quantitative PCR analysis of 16S rRNA genes associated with the S 0 flocs recovered from several acid geothermal springs using isolate-specific primers indicates that these two populations together represent 17 to 37% of the floc-associated DNA. The physiological characteristics of isolates 18U65 and 18D70 are consistent with their potential widespread distribution and putative role in the cycling of sulfur in acid geothermal springs throughout the Yellowstone National Park geothermal complex. Based on phenotypic and genetic characterization, the designations Caldisphaera draconis sp. nov. and Acidilobus sulfurireducens sp. nov. are proposed for isolates 18U65 and 18D70, respectively.
Sulfur compounds are common constituents of the gaseous, aqueous, and solid phases of acid geothermal fluid of volcanic origin (26) . At the point of surface discharge, gas-phase components typically include sulfur dioxide (SO 2 ), hydrogen sulfide (H 2 S), and elemental sulfur vapor (29, 35) , while the solid phase is typically comprised of flocculent S 0 (29, 31) . The origin of solid-phase S 0 near the point of discharge in acidic geothermal springs can be attributed to biotic oxidation of H 2 S as well as abiotic H 2 S oxidation to thiosulfate (S 2 O 3 2Ϫ ), which disproportionates under acidic conditions to form sulfite (SO 3 Ϫ ) and S 0 (38) . Abiotic H 2 S oxidation by metal oxidants (vanadate, ferric iron, cupric copper, etc.) may also contribute to the precipitation and accumulation of S 0 in geothermal environments (44) ; however, these reactions are less important due to the reducing conditions and the absence of these oxidants in source water in many high-temperature acidic geothermal systems such as those found in Norris Geyser Basin, Yellowstone National Park (YNP), WY (29, 31, 38) . The S 0 formed from H 2 S oxidation by these mechanisms accumulates in many acid geothermal springs due to its slow reactivity with water below 100°C (37) and thus represents a significant source of electron donor and acceptor for microorganisms in these systems (2, 20) . S 0 has been shown to support respiratory metabolisms for a variety of organisms distributed throughout the Bacteria and Archaea (8, 16, 27, 43) . Within the Archaea, S 0 reduction has been identified in both the Euryarchaeota (10, 13) and Crenarchaeota (22, 23, 41, 51) and is typically coupled with the oxidation of complex organics and/or hydrogen (16) . Within the order Desulfurococcales, phylum Crenarchaeota, the dominant metabolism of acidophiles is the fermentation of simple and complex organic compounds (23, 41) , with significantly enhanced growth rates in the presence of S 0 . Many acidic geothermal springs within YNP possess geochemical conditions that should support organisms with metabolisms similar to those of the order Desulfurococcales.
The study summarized herein primarily focused on an acidic geothermal spring referred to as Dragon Spring (24, 29) , which is located in Norris Geyser Basin, YNP. Dragon Spring is classified as an acid-sulfate-chloride spring (ASC), so named because of its distinctive chemical signature (6, 29, 49) . The source water of Dragon Spring (pH 3.1; 66 to 73°C) contains significant dissolved organic carbon (80 M) and various inorganic energy sources such as H 2 S, Fe(II), and As(III) (29) . In addition, the entire outflow channel is visually distinguished by copious amounts of a solid phase comprised almost exclusively of S 0 (29) (Fig. 1 ), suggesting that this as an appropriate habitat for biotic S 0 oxidation and reduction. While the geo-chemical conditions at the source of Dragon Spring suggest an environment favorable for biological S 0 reduction, phylogenetic analysis of bacterial and archaeal community 16S rRNA genes obtained from S 0 precipitates failed to identify phylotypes related to known S 0 reducers (unpublished data), thereby precluding efforts to use phylogeny to identify cultivation conditions necessary to culture such organisms, an approach utilized in other studies (42, 46) . Alternatively, we analyzed the geochemistry of the spring water to identify the laboratory culture conditions representative of in situ conditions for the enrichment and isolation of microorganisms capable of S 0 reduction. Here, we report the isolation, characterization, and ecology of two novel, S 0 -respiring heterotrophs that cluster both phylogenetically and phenotypically within the "Acidilobus group" (proposed name) of the order Desulfurococcales, phylum Crenarchaeota. The physiological properties which could convey pertinent information on the ecological role of each isolate in ASC geothermal springs were determined. Results suggest that both isolates are adapted to the geochemical conditions present in several ASC springs in the Norris Geyser Basin, YNP.
MATERIALS AND METHODS

Sample collection and enrichment and isolation of spring microorganisms.
Samples of precipitated (flocculent) S 0 were collected using sterile syringes and serum bottles from the source of Dragon Spring (44°43Ј55Љ N, 110°42Ј39Љ W), Beowulf Spring (44°43Ј53.4Љ N, 110°42Ј40.9Љ W), and Succession Spring (44°43Ј75.7Љ N, 110°42Ј72.7Љ W), all of which are ASC thermal springs located in the Hundred Springs Plain area of Norris Geyser Basin, YNP, WY. Samples were collected from the point of discharge at the source of Dragon (66°C; pH 3.1), Succession (69°C; pH 3.1), and Beowulf (68°C; pH 3.0) Springs. Upon collection, samples were stored at 65°C under anaerobic conditions during the 90-min transit to Montana State University, Bozeman, MT. Separate samples were placed on dry ice during transit to Montana State University, where they were stored at Ϫ20°C until processed for DNA extraction. Peptone-S 0 (PS) medium was used to enrich for S 0 -reducing thermophiles. PS medium consisted of NH 4 (48) . Following autoclave sterilization of the salts and peptone components in serum bottles, filter-sterilized Wolfe's vitamins, filtersterilized SL-10 trace metals, and S 0 (sterilized by baking at 100°C for 24 h) were added, and the bottles and contents were deoxygenated by purging with sterile nitrogen gas passed over heated (210°C) copper shavings. The serum bottles were sealed with butyl rubber stoppers and heated to 80°C prior to the replacement of the headspace with H 2 and addition of sodium ascorbate to a final concentration of 50 M. The serum bottles were then inoculated with S 0 precipitates recovered from the source of Dragon Spring and were incubated at 65 or 70°C. A pure culture of isolate 18U65 was obtained from the 65°C enrichment by dilution to extinction. A pure culture of isolate 18D70 was obtained from the 70°C enrichment by dilution to extinction and increased incubation temperature (80°C). Multiple rounds of dilution to extinction were performed for each isolate to ensure pure culture status. Enrichment isolation progress was monitored using epifluorescence microscopy and denaturing gradient gel electrophoresis (DGGE) (see below).
DNA extraction and DGGE. Enrichment progress was monitored using DGGE analysis of PCR-amplified 16S rRNA gene fragments recovered from enrichment cultures. CS 2 was added prior to DNA extraction to remove S 0 and to improve the recovery of DNA. Biomass for DNA extraction was concentrated by centrifugation (14,000 ϫ g for 10 min at 4°C) and was resuspended in a minimal volume of sterile PS medium (lacking S 0 ). CS 2 was added to a final concentration of 10% (vol/vol), and following phase separation, the top aqueous phase containing cells was collected and concentrated by centrifugation (14,000 ϫ g for 10 min at 4°C). Preliminary experiments indicate that CS 2 treatment did not significantly affect the integrity or recovery (79% Ϯ 9.9% recovery) of cells as determined by epifluorescence microscopy (data not shown). The cell pellet was subjected to DNA extraction using a FastDNA Spin for Soil kit (MP Biomedicals, Solon, OH) according to the manufacturer's directions with the following exception: 500 l of Tris-buffered phenol (pH 8.0) (Sigma, St. Louis, MO) was substituted for 500 l of the 978 l of sodium phosphate buffer. Following extraction, the DNA concentration was determined using a High DNA mass ladder (Invitrogen, Carlsbad, CA) for use in PCR. PCR was performed according to previously published protocols (9) using 10 ng of DNA as a template and the primers archaeal 931F (5Ј-AAGGAATTGGCGGGGGAGCA-3Ј) or bacterial 1070F (5Ј-ATGGCTGTCGTCAGCT-3Ј), in conjunction with universal 1392R (5Ј-ACGGGCGGTGTGTRC-3Ј) or 1492R (5Ј-GGTTACCTTGTTACG ACTT-3Ј); an annealing temperature of 55°C was used for all primer combinations. Each of the reverse primers was conjugated with a 40-bp GC-clamp attached to the 5Ј terminus (Integrated DNA Technologies, Coralville, IA). DGGE (60V at 60°C for 18 h) was performed according to previously published protocols (24) in a vertical gradient of 50 to 70% (archaeal amplicons) or 35 to 55% (bacterial amplicons) denaturant.
Characterization of physicochemical properties of isolates. The cardinal temperatures, pH, and Cl Ϫ concentrations were determined for each isolate. The minimum, optimum, and maximum temperatures for growth of each isolate were determined in PS medium adjusted to pH 3.0. Minimum, optimum, and maximum pH for growth of isolates 18U65 and 18D70 were determined in PS medium incubated at 65 and 80°C, respectively. The requirement for and tolerance to Cl Ϫ for each isolate was determined in PS medium with the pH and incubation temperature adjusted to the optimum for each isolate. Cl Ϫ concentrations were adjusted by additions of NaCl.
Carbon source and electron donors. Identification of carbon sources that support growth of the isolates when S 0 is used as the terminal electron acceptor (TEA) was evaluated using PS medium adjusted to pH 3.0, where the candidate carbon source was substituted for peptone. Glucose, galactose, fructose, ribose, lactose, maltose, xylose, sucrose arabinose, mannose, yeast extract, peptone, Casamino Acids, tryptone, glycerin, cellobiose, cellulose, starch, soya extract, beef extract, gelatin, and glycogen were added to achieve a final concentration of 0.1% (wt/vol). Methane, propane, propylene, ethanol, butanol, propanol, isopropanol, methanol, and acetone were added to a final concentration of 10 mM. Butyrate, propionate, succinate, lactate, pyruvate, acetate, citrate, malate, formate, fumarate, and benzoate were added to a final concentration of 4 mM. Individual amino acids and a mixture of 20 essential individual amino acids mixed at equal molar concentrations were added to a final concentration of 0.02% (wt/vol). Carbon sources were tested for supporting growth in medium containing a 1:1 ratio of N 2 gas:aqueous phase, with the pH and incubation temperature adjusted to the optimum for each isolate.
An extract of lodgepole pine needles was also tested as a carbon source for the isolates since needle litter is a potential source of organic carbon in situ (unpublished observations). Extract was prepared by incubating 10 g of fresh lodgepole pine needles in a 150-ml serum bottle containing 100 ml of pH 3.0 peptone-free PS medium at 81°C for 24 h, after which the aqueous phase was recovered, filter sterilized, and frozen. One milliliter of thawed extract was added to 100 ml of peptone-free PS medium as the sole carbon and energy source for the isolates.
Growth of isolates 18U65 and 18D70 on the different carbon sources was determined at 65°C and 81°C, respectively, in cultures that initially contained 100% N 2 in the headspace. After a carbon source was determined to support growth of the isolates when S 0 was used as the TEA, fermentative growth with that carbon source was assessed by deleting S 0 from the medium (beef extract, glycogen, and gelatin were not evaluated).
H 2 was tested as a potential electron donor by comparing growth rates and final cell densities in PS medium containing 100% H 2 in the headspace at the time of inoculation to values observed when the headspace contained 100% N 2 . In addition, H 2 was also used as an electron donor in tests for chemolithoautotrophic growth with CO 2 as a sole C source in serum bottles containing peptone-free PS medium and a headspace gas mixture of 20%:80% CO 2 -H 2 (headspace:aqueous phase ratio of 1:1).
Alternative TEAs. The ability of the isolates to utilize TEAs other than S 0 for growth was determined in S 0 -free PS medium. Sodium sulfate, sodium sulfite, sodium thiosulfate, potassium nitrate, and potassium nitrite were each added at a concentration of 10 mM; Fe(III) citrate and FeCl 3 were each added at a concentration of 500 M; sodium arsenate was added at a concentration of 100 M; and cysteine was added at a concentration of 0.02% (wt/vol).
Evaluation of growth. Growth of each isolate on different carbon sources and with different electron donors and electron acceptors was quantified both in terms of generation time and H 2 S production. Generation time was determined by collecting a sample of suspended cells at different times following inoculation, adding SYBR Gold (Invitrogen) diluted 1/4,000 (vol/vol), collecting the cells on black 0.22-m-pore-size polycarbonate filters (Millipore, Billerica, MA), and enumerating the cells by direct epifluorescence microscopy using an Olympus 〉-max microscope with a WIBA filter cube combination (Olympus, Center Valley, PA).
The total sulfide produced by cultures respiring S 0 was determined using the methylene blue reduction method (14) . Triplicate measurements of dissolved sulfide for each culture were averaged for three replicate cultures to calculate the average sulfide concentration and the standard deviation among replicates. Total sulfide production was calculated using standard gas-phase equilibrium calculations (see the supplemental material).
Influence of O 2 on growth of isolates. The influence of oxygen concentration on the growth of isolates was determined by replacing different volumes of headspace N 2 with air in serum bottles containing PS medium with the pH and incubation temperature adjusted to the optimum for each isolate. The O 2 concentration in the aqueous phase was calculated using standard gas-phase equilibrium calculations (see the supplemental material).
Metabolic by-products. The production of the metabolic by-products acetate, lactate, NH 4 ϩ , and H 2 was determined for both isolates during growth at optimal pH and temperatures in PS medium. Following inoculation, cultures were sampled daily for acetate, lactate, and NH 4 ϩ for 10 days. Culture samples were filtered through a 0.22-m-pore-size membrane, and the filtrate was analyzed using a Bioprofile 300A biochemistry analyzer (Nova Biomedical Corporation, Waltham, MA) calibrated with level 6 and 7 certified calibration standards (Nova Biomedical Corporation). Culture headspace H 2 concentration was determined during logarithmic growth using a GC8A gas chromatograph (Shimadzu, Columbia, MD) equipped with an 80/100 ProPak N column (Supelco, St. Louis, MO). Total sulfide was determined as described above.
Amino acid analysis. Amino acid analysis was performed on culture supernatant collected from isolate 18D70 grown in PS medium with the pH and incubation temperature adjusted to the optimum. Amino acids were determined in filtered (0.22-m pore size) culture supernatant collected at the time of inoculation and following 120 h of growth using an Applied Biosystems 420A derivatizer coupled to an Applied Biosystems 130A separator system. Samples were hydrolyzed in 6 M HCl plus trace phenol in HCl vapors for 1 h and then in a vacuum at 150°C. After hydrolysis, norleucine was added as an internal standard.
Calculation of cell yields. Cell yields were calculated using 100 fg/m 3 as the conversion factor for carbon content to biovolume (36) . Cell yields were computed during log-phase growth using the average cell diameter as determined by transmission electron microscopy (see below). The cell yield for Acidilobus aceticus was calculated from data extrapolated from 16S rRNA gene analysis. PCR for determination of the 16S rRNA gene sequence was performed as described above for DGGE analysis using archaeal 21F (5Ј-TTCCGGTTGATCCYGCCGGA-3Ј) and universal 1492R (Integrated DNA Technologies) primers. Amplicons were purified, cloned, sequenced, assembled, and analyzed according to previously published protocols (9) . Pairwise alignment of 1,309 bp of isolate 18U65, isolate 18D70, and archaeal reference 16S rRNA gene sequences was performed using Clustal W (version 1.83) (45) . Pairwise evolutionary distances were computed employing the correction of Jukes and Cantor (25) . The neighbor-joining algorithm and bootstrap resampling were used to construct and evaluate the phylogenetic tree, respectively, using programs within the TREECON package (47) with Methanococcus vannielii as the outgroup. qPCR analysis. Quantitative PCR (qPCR) was used to determine the relative abundance values of isolate 18U65 and 18D70 DNA associated with S 0 floc materials sampled from the sources of Dragon, Succession, and Beowulf Springs. At the laboratory, samples of S 0 floc were treated to remove residual S 0 and subjected to total DNA extraction as described above for DGGE analysis. DNA was quantified using the nucleic acid binding fluorochrome SYBR Green I (Invitrogen) added to achieve a final concentration of 1/1,000 (vol/vol), an ND-3300 Fluorospectrometer (NanoDrop Technologies, Wilmington, DE), and lambda phage DNA (Promega) as the standard. Strain-specific forward primers for isolate 18U65 and 18D70 were designed from the nearly full-length 16S rRNA gene. To ensure that qPCR amplicons generated in each reaction arose from the template of either isolate 18U65 or 18D70, forward primers were designed to contain 3-to 4-bp sequence mismatches compared to the 16S rRNA gene sequence of A. aceticus and Caldisphaera lagunensis, respectively. The primer pair 18U65-1062F (5Ј-GCTCTTAGTTGCTATCCC-3Ј) and 1392R and the pair 18D70-1073F (5Ј-CTGCGGGCGACCGTG-3Ј) and 1392R were used to amplify segments of the 16S rRNA gene from isolates 18U65 and 18D70, respectively. For each set of sequence-specific primers, a series of qPCRs was performed over a range of annealing temperatures, primer concentrations, and SYBR Green I concentrations to optimize the qPCR. qPCRs contained the same concentrations of reagents as used above for PCR with the following exceptions: primers were added to a final concentration of 400 nM, and SYBR Green I was added to a final dilution of 1.6ϫ (diluted 1:6,250). A range of DNA template concentrations was used in the qPCRs, and the final reaction mixture volume was then adjusted to 25 l with nuclease-free H 2 O (Sigma). qPCRs were performed in 0.5-ml optically pure PCR tubes (Corbett, Sydney, Australia) in a RotorGene3000 quantitative real-time PCR machine (Corbett) according to the following cycling conditions: initial denaturation (95°C for 10 min), followed by 35 cycles of denaturation (95°C for 10 s), annealing (56°C for 15 s), and extension (72°C for 20 s). Standards were prepared from genomic DNA for both isolates, and serial dilution of these standards were used for qPCR, resulting in a standard curve relating DNA template concentration to the qPCR threshold amplification signal generated for that amount of template. Abundance values for each isolate in each spring were generated by comparing qPCR threshold amplification signals from reaction mixtures containing known quantities of spring DNA extract to isolate-specific standard curves. Negative control qPCRs for isolate 18U65-specific primers contained isolate 18D70 genomic DNA as a template, and negative control qPCRs for 18D70-specific primers contained isolate 18U65 genomic DNA as a template. Criteria for selecting a given template dilution for reporting in the present study included the following: (i) the threshold amplification signal must have been generated between PCR cycles 10 to 25, (ii) the degree of similarity of DNA abundance values for a given template dilution must have resembled the DNA abundance values from the other template dilutions, and (iii) the template dilution must have yielded the lowest variability among replicates within a single template dilution. The standard deviation reported for qPCR results reflects the standard deviation of three replicate qPCRs for the selected template concentration.
G؉C analysis. GϩC content (moles percent) was determined according to the methods of Gonzalez and Saiz-Jimenez (15) on a RotorGene3000 quantitative real-time PCR machine (Corbett) using Pseudomonas aeruginosa strain PAO1 and Escherichia coli strain K12 as reference strains. The standard deviation reported for GϩC analysis reflects the deviation of three replicate determinations.
GDGT analysis. Isolates 18U65 and 18D70 were cultivated in PS medium with the pH and incubation temperature adjusted to the optimum for each isolate to determine the glycerol dialkyl glycerol tetraether (GDGT) lipid composition. Cells were harvested in mid-exponential growth phase by centrifugation (10,000 ϫ g for 20 min) and were resuspended in a minimal volume of S 0 -free PS medium. Cells were treated with CS 2 to remove residual S 0 as described above for DNA extraction. The S 0 -free cell pellet was then subjected to lipid analysis as described previously (40, 50) .
Electron microscopy. Logarithmic-phase cultures of isolates 18U65 and 18D70 were fixed in 0.5% glutaraldehyde for 8 h at their respective cultivation temperatures. Fifty milliliters of each fixed cell suspension was centrifuged (5,000 ϫ g for 15 min), and the cell pellet was resuspended in 1 ml of glycine-HCl buffer (0.05 M; pH 3.0), transferred to a 1.0-ml microcentrifuge tube, and centrifuged (13,000 ϫ g) to form an intact cell pellet. The cell pellet was dehydrated by overlaying a series of solutions of ethanol (30%, 50%, 70%, 90%, and 100%) and 100% propylene oxide for 30 min in each solution. The cell pellet was infiltrated using different mixtures of propylene oxide and Spurr's embedding resin (1:1, 1:2, and, finally, pure resin). The pellets were then transferred to vial block molds and overlaid with additional resin, and the resin was polymerized (at 70°C for 8 h). The polymerized resin blocks were removed from the molds and sectioned with 
RESULTS
Site description. The aqueous-and solid-phase chemistry of Dragon Spring has been reported previously (29) . Spring source water temperature ranged from 66 to 69°C, while the pH remained relatively stable at 2.9 to 3.1 over the course of the study. The spring contains abundant precipitated (flocculant) S 0 , extending from the source to approximately 4 m down the central transect of the main flow channel (Fig. 1) . The aqueous-and solid-phase geochemistry of Succession Spring (69°C; pH 3.1) and Beowulf Spring (68°C; pH 3.0) have been reported previously (21) .
Enrichment and isolation. Incubation (65 or 70°C) of S 0 flocs collected from the source of Dragon Spring in PS medium resulted in the production of H 2 S, indicating the presence of active, S 0 -respiring populations. DGGE analysis of the 65 and 70°C enrichment cultures indicated the presence of three and eight unique 16S rRNA gene phylotypes, respectively (data not shown). Following dilution to extinction (isolate 18U65) or increased incubation temperature (80°C), DGGE analysis of PCR-amplified 16S rRNA genes generated using multiple primer sets indicated a single 16S rRNA gene phylotype from cultures subjected to these different conditions (data not shown). Epifluorescence microscopic analysis of enrichments yielded a single morphotype in each culture, further indicating the presence of a clonal population of cells. Prior to characterization, cultures of each isolate were maintained at 65 (isolate 18U65) or 80°C (isolate 18D70) through serial transfer (5%, vol/vol) of log-phase cultures and routine (twice weekly) replacement of the headspace gas phase with N 2 .
Physiological properties. Isolate 18U65 grew over a temperature range of 60 to 79°C with an optimum of 70 to 72°C (Fig.  2) and over a pH range of 2.0 to 5.0 with an optimum of 2.5 to 3.0 (Fig. 3) , whereas isolate 18D70 grew over a temperature range of 62 to 89°C with an optimum of 81°C (Fig. 2) and over a pH range of 2.0 to 5.5 with an optimum of 3.0 (Fig. 3) . Isolate 18U65 grew over a Cl Ϫ concentration range of 0 to 86 mM, with an optimum of 17 to 34 mM, while isolate 18D70 grew over a Cl Ϫ concentration range of 0 to 128 mM, with an optimum of 12 mM. The shortest generation times for isolates 18U65 and 18D70 coincided with maximal H 2 S production (S 0 -reducing activity) ( Fig. 2 and 3) . The generation times of isolates 18U65 and 18D70, grown at optimal pH and temperature, were 19 and 17 h, respectively. Sulfide production par- alleled culture growth, with maximum culture cell densities for isolates 18U65 and 18D70 being 4.6 ϫ 10 6 and 2.1 ϫ 10 7 cells ml Ϫ1 , respectively. Both isolates required complex, organic carbon sources for growth. Isolate 18U65 could utilize yeast extract, peptone, tryptone, Casamino Acids, beef extract, glycogen, and gelatin while isolate 18D70 could utilize yeast extract, peptone, glycogen, and gelatin. Both isolates grew on pine needle extract in the absence of peptone, but neither isolate could utilize monomeric or polymeric carbohydrates, fatty acids, alkanes, alkenes, alcohols, ketones, organic acids, individual amino acids, or an equal molar mixture of amino acids. When isolate 18D70 was grown in PS medium, the total free amino acid concentration decreased from 116.4 to 93.9 pmol/l following 120 h of growth (data not shown), indicating that the isolates could utilize free amino acids when other complex carbon sources were present but not as a sole carbon or energy source. Following peptide hydrolysis, the combined amino acids decreased from 1,017.7 pmol l Ϫ1 at the time of inoculation to 520.3 pmol l Ϫ1 , suggesting that peptides are preferred over free amino acids to satisfy a nutritional requirement. The sole TEA utilized by both isolates was S 0 , although 18U65 could ferment yeast extract and peptone.
Neither isolate grew under the autotrophic conditions tested in this study. Supplementation of PS medium with H 2 or CO 2 did not enhance or inhibit S 0 -respiring activity of either isolate. S 0 respiration and growth were inhibited when the concentration of oxygen in the aqueous phase was greater than 62 and 54 nM for isolates 18U65 and 18D70, respectively. Metabolic by-products detected in the cultures of the isolates grown in PS medium include H 2 S (both isolates) and NH 4 ϩ (isolate 18D70 only). Lactate, acetate, and H 2 were not detected as metabolic products in the culture supernatant or headspace of either isolate grown in PS medium.
GDGT composition of crenarchaeal isolates. GDGTs containing four to six cyclopentyl rings were present in isolates 18U65 and 18D70. GDGTs containing four rings (GDGT-4) represented 34% and 4% of the total GDGTs for isolates 18U65 and 18D70, respectively. GDGT-5Ј, which contains five cyclopentyl rings, represented 41 and 36% of the total GDGTs in isolate 18U65 and 18D70, respectively. GDGT-6, common to both isolates, represented 25 and 55% of the total GDGT in the lipid fraction of isolate 18U65 and 18D70, respectively, while the second six-ringed GDGT (GDGT-6Ј) was found only in isolate 18D70 (5% of total GDGTs).
Genetic properties of isolates. Nearly full-length 16S rRNA gene sequence analysis (corresponding to positions 27 to 1479 of the E. coli 16S rRNA gene) was determined for use in phylogenetic analysis of isolates 18U65 and 18D70. Both isolates clustered within the "Acidilobus group" (23) (phylum Crenarchaeota), with isolate 18U65 clustering within the C. lagunensis lineage (100% bootstrap support) and isolate 18D70 clustering within the A. aceticus lineage (100% bootstrap support) (Fig. 4) . Analysis of a 1,430-bp 16S rRNA gene fragment from isolate 18U65 revealed 96% sequence homology with the 16S rRNA gene from C. lagunensis, whereas a 1,432-bp 16S rRNA gene fragment from isolate 18D70 was determined to be 94% similar to the 16S rRNA gene from A. aceticus. The 16S rRNA gene from the uncharacterized crenarchaeotal strain NC12 ("Caldococcus noboribetus" D85038) was 96 and 89% similar to the 16S rRNA gene of isolates 18D70 and 18U65, respectively. The 16S rRNA genes from isolate 18U65 and 18D70 were 88% similar to each other. The GϩC content of DNA from isolates 18U65 and 18D70 were found to be 53.9 mol% Ϯ 0.0 mol% and 59.9 mol% Ϯ 0.4 mol%, respectively.
Abundance of isolates associated with S 0 precipitates. Primers specific to the 16S rRNA gene of each isolate were used in qPCR to determine the abundance of their DNA relative to that of other members of the S 0 precipitate-associated microbial communities of Dragon Spring, where the organisms were isolated, and of two other ASC springs in the Norris Geyser Basin: Beowulf and Succession Springs. The DNA of isolates 18U65 and 18D70 represented 20.2% Ϯ 0.6% and 7.9% Ϯ 0.1% of the DNA associated with Dragon Spring S 0 precipitate, respectively; 32.3% Ϯ 1.9% and 5.3% Ϯ 0.6% of the DNA associated with S 0 precipitate from Beowulf Spring, respectively; and 12.2% Ϯ 0.8% and 5.6% Ϯ 0.3% of the DNA associated with S 0 precipitate from Succession Spring, respectively. There was no indication of a matrix-inhibitory effect in the qPCR assay using S 0 precipitate DNA extracts from Dragon, Beowulf, and Succession Springs diluted 2,000-fold or more (data not shown). Treatment of S 0 precipitate with CS 2 prior to DNA extraction did not alter the results of the qPCR assay (data not shown), suggesting that CS 2 treatment did not significantly alter the apparent community composition. Morphology and ultrastructure. Cells of isolates 18U65 and 18D70 were examined by epifluorescence and electron microscopy. Both isolates exhibited similar coccoid morphology and ultrastructure (Fig. 5) . Cells of isolate 18U65 were 0.8 to 1.0 m in diameter while cells of isolate 18D70 were 0.4 to 0.6 m in diameter (Fig. 5) . Both isolates were routinely observed singly or in pairs. Electron microscopy of thin sections revealed a cell envelope for both isolates that contained both a cytoplasmic membrane and an outer S-layer (Fig. 5) .
Preservation. Cultures of isolates 18U65 and 18D70 remained viable at room temperature when the headspace was purged with N 2 and they were kept in the dark. Isolate 18D70 could be frozen (Ϫ80°C) in the presence of 10% (vol/vol) glycerol. Attempts to cryo-preserve cultures of 18U65 have been unsuccessful to date.
DISCUSSION
S
0 -reducing Crenarchaea have been detected by 16S rRNA gene-based diversity surveys in a variety of geographically distinct, sulfur-rich geothermal springs including those in YNP (31, 33) , the Philippines (23), and Japan (3). A traditional laboratory cultivation and enrichment strategy based on aqueous-and solid-phase geochemistry led to the isolation of two novel S 0 -reducing Crenarchaea from flocs of S 0 that had precipitated at the source of Dragon Spring. Comparative sequence analysis of the 16S rRNA gene from the isolates suggested that they each represent novel species within the "Acidilobus group" in the order Desulfurococcales (phylum Crenarchaeota): isolate 18U65 clustering within the C. lagunensis lineage and isolate 18D70 clustering within the A. aceticus lineage. To date, the A. aceticus lineage is comprised of the type strain A. aceticus (41) and the uncharacterized strain NC12 ("Caldococcus noboribetus") (3), while the C. lagunensis lineage is comprised solely of the type strain (23) .
Phenotypic characteristics determined for both isolates 18U65 and 18D70 support the 16S rRNA gene-based phylogenetic assessment placing them in the order Desulfurococcales within the Archaea. The recovery of tetraether-linked GDGTs from the lipid fraction of both isolate 18U65 and 18D70 further supports their placement in the Archaea (11, 28) . Within the Archaea, the majority of thermoacidophiles belong to the Crenarchaeota (41), consistent with the clustering of both thermoacidophilic isolates in the crenarchaeal lineage. Within the crenarchaeal order Desulfurococcales, the predominant metabolism is the oxidation of complex organic compounds coupled with the reduction of S 0 (7), a phenotype shared by both isolates. In addition, all characterized members of the order Desulfurococcales that are extreme acidophiles (optimum, pH Ͻ4.5) cluster solely within the "Acidilobus group" lineage, supporting phylogenetic characterization which placed both acidophilic isolates within this lineage.
A number of phenotypic traits of isolate 18U65 more closely resemble those of the C. lagunensis lineage than those of the A. aceticus lineage. Cardinal temperatures and pH of isolate 18U65 more closely resemble those of C. lagunensis than those of A. aceticus. The range of carbon sources utilized by and cellular morphology of isolate 18U65 also more closely resemble those of C. lagunensis than those of A. aceticus. While similar to C. lagunensis in many ways, a few phenotypic traits distinguish isolate 18U65 from C. lagunensis. Whereas C. lagunensis can utilize oxygen as a terminal electron acceptor, isolate 18U65 is a strict anaerobe incapable of growth in medium containing nanomolar concentrations of oxygen. Furthermore, C. lagunensis can respire fumarate and sulfate in addition to oxygen (23) (41) . Furthermore, unlike A. aceticus, isolate 18D70 is unable to support growth through fermentation pathways. Isolate 18D70 also differs from A. aceticus in cell morphology: cells of A. aceticus occur as irregular cocci with a diameter of 1 to 2 m (41), whereas cells of isolate 18D70 occur as regular cocci with a much smaller diameter of 0.4 to 0.6 m.
Lipid data are not reported in the characterization of A. aceticus (41) , and while both acyclic and cyclic tetraethers are reported in the lipid fraction of C. lagunensis, a detailed description of the structures of these tetraethers is not provided (23) . Previous studies have shown that genetically related organisms have similar GDGT profiles (30) . While the GDGT profiles of isolates 18U65 and 18D70 are similar, it remains to be determined whether the GDGT composition of isolates 18U65 and 18D70 corroborates genetic and phenotypic properties that support the clustering of these organisms in the C. lagunensis and A. aceticus lineages, respectively.
Lodgepole pines are a predominate form of macrovegetation in the Norris Geyser Basin ecosystem (39) , and needle litter is often found in the waters of ASC geothermal springs in this area (personal observation). Thus, needle litter represents a natural source of carbon and energy for heterotrophic consumers inhabiting ASC geothermal environments. Both isolates were capable of coupling S 0 reduction with the oxidation of pine needle extract, suggesting a role for these microbes in the mineralization of complex natural organic matter (NOM) in geothermal environments. While NOM utilization has been demonstrated in other Archaeal phyla (17, 18, 32) , the results of the current study represent the first time that NOM has been shown to be used as the sole carbon and energy source in the Crenarcheaota.
The results of the laboratory studies reported here indicate that both isolates 18U65 and 18D70 require S 0 for respiration. Nine of the 12 recognized genera within the Desulfurococcales are capable of coupling oxidation of organic carbon or hydrogen with S 0 reduction. Two genera, Ignicoccus (19) and Staphylothermus (4), can use only S 0 as a TEA for respiration. Both Ignicoccus and Staphylothermus are thermophiles that inhabit marine hydrothermal vent ecosystems where S 0 precipitates from H 2 S-containing vent fluids in a process similar to S 0 precipitation in ASC springs in the Norris Geyser Basin (24, 29) . Habitats such as these with a consistent supply of S 0 likely promote the establishment of microbial populations that depend on S 0 for respiration, such as Ignicoccus and Staphylothermus and their freshwater counterparts such as the isolates described above.
The greater abundance of isolate 18U65-like phylotypes than isolate 18D70-like phylotypes in the samples analyzed by qPCR may be due in part to their different laboratory-derived optimum temperatures (T opt ) for growth. Whereas the T opt (70 to 72°C) of isolate 18U65 was within a few degrees Celsius of the temperature of the spring water where the isolates were recovered (66 to 69°C), the T opt (81°C) of isolate 18D70 was more than 10°C higher than the highest spring water temperature recorded in the spring during the course of this study (66 to 69°C). These results are consistent with those reported for other closely related microbial populations in thermal spring microbial communities (1, 12, 34) . In an alkaline hot spring microbial mat, Synechococcus strain A (T opt , 55°C) was detected in an area of the mat exposed to a temperature of 56°C, while Synechococcus strain B (T opt , 50°C) was not. In contrast, Synechococcus strain B was detected in an area of the mat exposed to a temperature of 53°C, whereas Synechococcus strain A was absent (1, 12) . Thus, dominance among populations with similar physiologies may be determined by how closely their T opt coincides with the temperature of the environment.
The differences in relative abundance of the two isolates in the S 0 precipitate-associated microbial communities in the springs sampled in the present study may also reflect differences in their cell yields when S 0 is used as a TEA. The cell yield of the more abundant isolate 18U65 (344 Ϯ 186 pmol of C per nmol of S 0 ) was significantly higher than that of the less abundant isolate 18D70 (39 Ϯ 18 pmol of C per nmol of S 0 ). The greater cell yield of isolate 18U65 than isolate 18D70 could contribute to the greater abundance of the former in the springs sampled in this study if these laboratory-based values apply to the spring environment.
In summary, two novel S 0 -reducing Crenarchaea were isolated that together represent a significant fraction of the microbial community associated with S 0 precipitates in several ASC geothermal springs of Norris Geyser Basin in YNP. Both isolates are capable of utilizing a naturally occurring complex form of carbon as a carbon and energy source and naturally formed S 0 as a TEA for respiration-dependent growth. On the basis of phylogenetic and physiological properties, it is proposed that isolates 18U65 and 18D70 represent distinct taxa within the C. lagunensis and A. aceticus lineages, respectively. We propose that isolate 18U65 be assigned to a new type species, Caldisphaera draconis, and that isolate 18D70 be assigned to a new type species, Acidilobus sulfurireducens.
Description of Caldisphaera draconis sp. nov. Caldisphaera draconis (dra.coЈ nis. L. gen. masc. n. draconis of/from dragon, as the organism was isolated from Dragon Springs, Yellowstone). Caldisphaera dracosis: hot spherical cell from Dragon Spring. Growth is anaerobic. Cells are coccoid, 0.8 to 1.0 m in diameter, and are found singly or in pairs. Cell envelope contains a cytoplasmic membrane and an outer S-layer. Chemoorganotrophic metabolism capable of growth on tryptone, Casamino Acids, peptone, yeast extract, beef extract, glycogen, gelatin, and pine needle extract with S 0 as sole TEA. Fermentative growth on peptone and yeast extract. Growth over a pH range of 1.5 to 5.0, a temperature range of 60 to 79°C, and a Cl Ϫ range of 0 to 86 mM. Optimal growth occurs at pH 2.5 to 3.0, 70 to 72°C, and 17 to 34 mM Cl Ϫ . Generation time under optimal conditions is 19 h, yielding a maximum cell density of 4.6 ϫ 10 6 cells ml Ϫ1 . Core lipid fraction contains GDGTs containing four to six cyclopentyl rings. Genomic DNA GϩC content is 53.9 mol%. The type strain 18U65 was isolated from Dragon Spring, Norris Geyser Basin, YNP, WY.
Description of Acidilobus sulfurireducens sp. nov. Acidilobus sulfurireducens (sul.fu.ri.reЈ du.cens L. n. sulfur, L. part. adj. reducens leading back, reducing, N.L. part. adj. sulfurireducens reducing sulfur.). Acidicoccus sulfurireducens: acidiphilic coccus that reduces sulfur. Growth is anaerobic. Cells are coccoid, 0.4 to 0.6 m in diameter, and occur singly or in pairs. VOL. 73, 2007 CHARACTERIZATION OF S 0 -REDUCING THERMOACIDOPHILES 6675
The cell envelope contains a cytoplasmic membrane and outer S-layer. Growth occurs over a temperature range of 62 to 89°C, a pH range of 2.0 to 5.5, and a Cl Ϫ range of 0 to 128 mM. Optimal growth conditions are 81°C, pH 3.0, and 12 mM Cl Ϫ . Generation time under optimal conditions is 17 h, yielding a maximum cell density of 2.1 ϫ 10 7 cells ml Ϫ1 . Growth on peptone, yeast extract, glycogen, gelatin, and pine needle extract as carbon and energy source coupled to obligate S 0 respiration. Ammonia is produced and excreted into culture medium. Strict anaerobe. Genomic DNA GϩC content is 59.9 mol%. Core lipid fraction contains GDGTs containing four to six cyclopentyl rings. The source of isolation was Dragon Spring, Norris Geyser Basin, YNP, WY. The type strain is Acidilobus sulfurireducens strain 18D70.
